The efficiencies of thermal collectors are traditionally expressed with respect to the total (direct beam plus diffuse) insolation at the collector plane.
Introduction
A determination of the efficiency of a solar collector comprises simultaneous measurements of the rate at which useful energy is being extracted from the collector and the rate at which solar energy is being intercepted by the collector.
The latter measurement must be carefully considered for meaningful test results. In the simplest case, flat plate collectors are nondirectional, and measurements of the total insolation at the plane of the collector using a pyranometer suffice.
On the other hand, concentrating collectors possess restricted angular fields of view.
Focusing concentrators image the solar disk, and hence can utilize only the direct beam radiation effectively.
In the plane perpendicular to the long axis of a two -dimensional parabolic trough, for example, the angular field of view is approximately the e subtended by the sun. Un- fortunately, it has been common practice in testing focusing concentrators to measure the incident solar energy using commercial pyrheliometers whose angular fields of view are about 6 °, leading to an error whose magnitude depends on the amount of circumsolar radiation present.
Intermediate between the flat plate collector and the focusing collector lie the non -imaging concentrator systems which achieve generous n ular fields of view, albeit at moderate concentrations.
A two -dimensional compound parabolic concentratorkl) trough with a geometrical concentration ratio of ten, for example, possesses an angular field of view of 11° in the plane perpendicular to the long axis, and thus can intercept some of the diffuse radiation as well as the direct beam radiation accessible to the focusing collector. A program is underway at Argonne National Laboratory near Chicago to evaluate non -imaging concentrating collectors of the compound parabolic concentrator design.
In the following are described the instrumentation employed to measure not only the solar radiation incident within the angular field of view of a given collector under test, but also the direct beam radiation at normal incidence and the total insolation at the plane of the collector, which measurements permit a meaningful comparison with both flat plate and focusing collectors.
The instrument calibration procedure is discussed, and several data are presented.
Instrumentation
Five Eppley(2) model 8 -48 Black and White pyranometers are on hand for various insolation measurements. The spectral response of the differential thermopile device is about 300 to 2800 nm, suiting it to solar thermal collector tests.
The pyranometer possesses nominal cosine response, so that when mounted on the plane of a collector under test it measures the total (direct beam plus diffuse) insolation at that plane.
The solar radiation incident within the angular field of view of the collector under test is measured with a model 8 -48 pyranometer, also located on the plane of the collector, but mounted within an enclosure which masks appropriately the pyranometer's angular field of view.
Since the pyranometer is not an ideal point detector, it is important to choose large dimensions for this enclosure.
To date the collectors tested have been two-dimensional troughs.
Correspondingly, the pyranometer enclosure has been a trough which restricts the angular field of view to a wedge of sky much like a sector cut from an apple.
The direct beam radiation at normal incidence is monitored continuously by an Eppley normal incidence pyrheliometer affixed to a tracking equatorial mount.
A common practice at meteorological stations is to measure the complementary diffuse radiation by screening a pyranometer from the direct beam radiation using a shadow ring or a tracking shadow disk.
The pyrheliometer was chosen over these methods both because it is easier to maintain, and because it can serve doubly as a secondary standard with which to compare the pyranometers.
The thermopile detector in this instrument is collimated by a cylindrical tube whose height is ten times its diameter, so that the angular field of view is a 5.72° (full angle) cone.
Since the sun only subtends a full angle of ? °, it is apparent that the pyrheliometer intercepts circumsolar as well as direct beam radiation. This point will be touched again in the discussion of measurements. 
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Calibrat ion
Frequent calibration is imperative for reliable insolation measurements, especially where comparisons of Work supported by the U. S. Energy Research and Development Administration.
of the nearly equal quantities measured within various angular fields of view are involved. The Eppley model 8 -48 pyranometers are calibrated initially in the horizontal plane to an accuracy of 1:2%, and slow drifts in calibration are chronic.
After two years, the group of five pyranometers in the Solar Energy Group at Argonne National Laboratory span a 5% range relative to their initial calibrations.
In addition, the variation in sensitivity with inclination from the horizontal plane can reach 5 %, due both to a deviation from a cosine response and to changes in the convection currents within the glass envelope covering the differential thermopile.
A regular calibration procedure has been established.
At least monthly, and on as clear a day as is possible, the pyranometers are intercompared side by side, both when horizontal and when inclined, over the course of the day.
This step establishes relative calibration factors and determines their variation with inclination.
At least two pyranometers are compared with the normal incidence pyrheliometer. For each, the total insolation at normal incidence is measured with the pyranometer, and then the diffuse component alone is measured with the pyranometer shaded from the direct beam radiation by a disk whose diameter to distance from the pyranometer are in the same ratio (1 :10) as the collimator tube of the pyrheliometer.
A 100 mm disk held 1 m from the pyranometer is a common convention.
The difference between the two measurements is just the pyranometer's measurement of the direct beam radiation, and can be compared with the normal incidence pyrheliometer measurement for the same time period.
The comparison is done at normal incidence because the pyranometers typically are at normal incidence during collector tests.
Care must be taken to shade the glass envelope of the pyranometer to avoid errors introduced by multiple reflections.
Of course, the glass envelopes on the pyranometers and the glass window of the pyrheliometer must be kept clear of dirt and moisture at all times to avoid spurious data.
Insolation Measurements
To date insolation measurements have accompanied specific tests of collectors, and no attempt has been made to accumulate daily records yet.
Some interesting data has been logged, however, and several are shown in Table 1 .
Two cloudless days have been selected. The first was a very good day for the Chicago area, showing a blue sky and having little apparent haze.
The second was a more typical day with the heavy haze giving the sky a white appearance.
On both days the data were taken near solar noon with the instruments at normal incidence.
The masked pyranometer was mounted in a trough enclosure oriented East -West which could be adjusted to give a full angular field of view in the vertical plane of 12 °, 24 °, and 36 °, corresponding roughly to two -dimensional compound parabolic concentrators with concentration ratios of 10, 5, and 3. bpyranometer at normal incidence normal incidence pyrheliometer ccolumn headings are opening angles for a trough oriented East -West. see text.
As expected, the data show that on a good day (for Chicago!) most of the incident solar radiation is direct beam radiation.
On a more typical hazy day, however, the direct beam component is attenuated more severely than the radiation incident within relatively large angular fields of view.
This comparison becomes eyye more dramatic when the circumsolar radiation measurements recently reported by Wahlig, Grether and Hunt13) are considered.
From their data it can be inferred that the actual direct beam component for the two days reported in Table 1 is 86% and 73 %, respectively, the remainder being the circumsolar radiation incident within the angular field of view of the normal incidence pyrheliometer.
To adequately compare the performance of different kinds of solar thermal collectors it is necessary to have this kind of knowledge of the insolation.
Conclusions
Quality insolation measurements can be made with moderately expensive instruments provided they are carefully calibrated and maintained.
In addition, by adequately characterizing the distribution of incident solar radiation during a collector test the performance can be quantitatively compared with other collectors with different angular fields of view.
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